The type-II Dirac semimetal PdTe2 was recently reported to be a type-I superconductor with a superconducting transition temperature Tc 1.65 K. However, the recent results from tunneling and point contact spectroscopy suggested the unusual state of a mixture of type-I and type-II superconductivity. These contradictory results mean that there is no clear picture of the superconducting phase diagram and warrants a detailed investigation of the superconducting phase. We report here the muon spin rotation and relaxation (µSR) measurements on the superconducting state of the topological Dirac semimetal PdTe2. From µSR measurements, we find that PdTe2 exhibits mixed type-I/type-II superconductivity. Using these results a phase diagram has been determined. In contrast to previous results where local type-II superconductivity persists up to Hc2 600 G, we observed that bulk superconductivity is destroyed above 225 G. arXiv:1910.13773v1 [cond-mat.supr-con] 
I. INTRODUCTION
Topological superconductivity (TSC) is an exotic quantum state of matter that has been one of the most extensively studied research field in condensed matter physics owing to their novel electronic states [1] [2] [3] . The search for materials exhibiting topological superconductivity is fascinating, mainly motivated by the realization of the spin-triplet component of the superconducting order parameter, and the emergence of gapless surface quasiparticle states consisting of massless Majorana fermions [4, 5] . These Majorana fermions [6, 7] are of significant interest because of their potential applications in fault-tolerant quantum computation [3, 8, 9] . Recently, extensive efforts have been made to realize topologically non-trivial bands that might coexist with superconductivity [10] . Especially from a materials perspective, tremendous efforts have been made to fabricate such phase of matter through extrinsic doping and intercalation in the bulk topological insulators [11] [12] [13] . Illustrative examples include Sr x Bi 2 Se 3 [10] with T c ∼ 3.0 K, Cu x Bi 2 Se 3 [13] with T c ∼ 3.5 K, Nb x Bi 2 Se 3 [14] with T c ∼ 3.4 K, and Tl x Bi 2 Se 3 [15] with T c ∼ 2.28 K. Various other routes were also pursued to stabilize the TSC in different material classes by taking advantage of the non-trivial topological nature of the electronic bands. For example, it has been argued that TSC can be induced by designing proximity-coupled heterostructures in topological surface states by interfacing with conventional superconductors [16] [17] [18] , and by applying pressure on topological systems [19] . Likewise, superconductivity emerges in a confined dimension by forming a mesoscopic point con-tact between the pure element and topological materials [20] [21] [22] . All these methods work towards a common goal to realize an ideal system in which topology and superconductivity can be studied unambiguously. Lately, transition metal dichalcogenides attracted tremendous interest due to their rich structural chemistry and possible realization of topological non-trivial electronic band structures [23] [24] [25] [26] . A well known example is PdTe 2 , which is reported to be a type-II Dirac semimetal with a tilted Dirac cone [26] [27] [28] [29] [30] , exhibiting superconductivity below the critical temperature T c 1.6 K [31] [32] [33] . Notably, the superconducting phase in this compound emerges naturally without the aforementioned external tuning effects, serving as a promising candidate for topological superconductivity [28] . Instigated by the topological nature of PdTe 2 , Leng et al. studied the detailed superconducting properties of PdTe 2 using the magnetic and transport measurements [33] . Interestingly, experiments reveal type-I superconductivity in PdTe 2 with the thermodynamic field, H c (0), yielded to be between 250 Oe to 3000 Oe, respectively [33] . The observation of enhanced superconductivity in PdTe 2 was later attributed to the surface superconductivity. However, the experimentlly estimated critical field deviates from the standard Saint-James-de gennes surface sheath critical field [33] [34] [35] , suggesting that the observed behavior is not the typical case of surface superconductivity. This behavior was later linked to the topological nature of PdTe 2 . Though the specific heat [36] and magnetic penetration depth [37, 38] measurements confirm a conventional fully gapped s-wave superconductivity. Scanning tunneling microscopy (STM) and spectroscopy (STS) experiments further support the conventional superconducting gap in PdTe 2 , which seems to rule out the possibility of topological superconductivity at the surface of PdTe 2 [39] . Remarkably, the STM and STS experiments also reveal a mixed type-I and type-II superconductivity in PdTe 2 , which opens up another possible case scenario for the observed behavior [30, 40] . In these studies, the superconducting phase diagram is not fully elucidated; however, they do indicate the formation of vortices at certain locations. Recently, soft point contact spectroscopy (PCS) data were also taken as evidence for mixed type-I and type-I superconductivity on the surface. The origin of mixed type-I/type-II superconducting behavior in PdTe 2 is attributed to intrinsic electronic inhomogeneity, where certain points on the surface of crystal fall in the type-II regime [40, 41] . The existence of both types of superconductivity in the same material is rare and of great experimental and theoretical interest. More importantly, it warrants a thorough investigation of the superconducting phase of PdTe 2 through microscopic tools like muon spin rotation and relaxation. As muons are local probe of magnetism, this technique is well suited to determine the dominant internal field components in the superconducting state of the sample. In the past, this method has been used successfully to distinguish between type-I and type-II superconducting materials such as Sn (IV) [42] and the recently published BeAu [43, 44] . By analyzing the µSR spectrum, one can probe different magnetic regions in the system. In particular, the ability to extract the magnetic field distribution from the µSR spectra allows to map regions of a Meissner state where the applied magnetic field is entirely expelled from the sample, an intermediate state where normal and Meissner states coexist, and a mixed state where the welldefined flux-line lattice (FLL) is formed. In this work, we have utilized the transverse field (TF) muon spin rotation measurements to successfully construct the full superconducting phase diagram of PdTe 2 . Our TF-µSR spectra at an applied field H app = 100 G demonstrates the internal field peaks due to both intermediate state and mixed state suggesting the coexistence of both type-I and type-II superconductivity. The superconductivity is completely suppressed at H app = 225 Oe, consistent with the earlier reports of bulk superconductivity state in PdTe 2 judged from susceptibility measurements [33] . Measuring the collapse of the superconducting gap in STM measurements also reveals an upper critical field, H ⊥ c2 200 Oe [30] . This work is definitive in demonstrating that PdTe 2 is a mixed superconductor which lies on the boundary between type-I and type-II behavior and can be driven easily between the two states by external parameters, such as temperature and magnetic field. The admixed superconductivity in PdTe 2 is speculated to be due to the inhomogeneous distribution of local coherence length, ξ, originating from randomly distributed impurity/defects. 
II. RESULTS AND DISCUSSION
High-quality single crystals of PdTe 2 were grown by the melt growth method as described in Ref. [39] . [45] . For µSR measurements, several single crystal pieces of PdTe 2 were mounted on a silver sample holder and placed in a dilution refrigerator operating in the temperature range of 0.05 K -3 K. The µSR measurements were performed using the MuSR spectrometer at the ISIS pulsed muon facility, STFC Rutherford Appleton Laboratory, Didcot, United Kingdom [46] . In the TF mode, an external magnetic field was applied perpendicular to the muon-spin direction. The magnetic field was applied in the range of 25 Oe ≤ H app ≤ 225 Oe above the superconducting transition temperature, T c , of the sample and then cooled it to the base temperature. Muon spin rotates with the ap- plied magnetic field and depolarizes as a consequence of magnetic field distribution inside the sample. The TF-µSR data were analyzed using the MaxEnt technique to determine the probability distribution, P(B), of the internal magnetic fields [47] . In the zero field (ZF) muon spin relaxation measurements, the stray fields at the sample position due to neighboring instruments and the Earth's magnetic field are canceled to within ∼ 1.0 µT using three sets of orthogonal coils and an active compensation system. A full description of the µSR technique may be found in [48] .
ZF-µSR can detect internal magnetic fields as small as 0.1 G without applying external magnetic fields, making it a highly valuable tool for probing spontaneous magnetic fields due to TRS breaking in exotic superconductors. Hence, we performed the ZF-µSR measurements to search for the possible TRS breaking in the superconducting state of PdTe 2 . This technique was proved to be very crucial in establishing the TRS breaking in several superconductors such as Sr 2 RuO 4 [49, 50] , LaNiC 2 [51] , and Re 6 X(X = Ti,Hf,Zr) [52] [53] [54] . Figure 2 shows the ZF-µSR spectra for PdTe 2 at (a) 0.1 K, and (b) 2.5 K respectively. ZF-µSR asymmetry spectra do not show any oscillatory signal which rules out the presence of large internal magnetic fields associated with long-range magnetic order. The time-dependent asymmetry spectra above and below T c do not show any discernible difference, which implies there is no additional relaxation signal in the superconducting state of PdTe 2 . The ZF-µSR spectra are best described by the Gaussian Kubo-Toyabe (KT) function,
where A 1 is the initial asymmetry, σ ZF denotes the relaxation due to static, randomly oriented local fields associated with the nuclear moments at the muon site. A BG is the time-independent background contribution from the muons stopped in the sample holder whereas the exponential term, Λ, accounts for the presence of electronic relaxation channels. Materials exhibiting TRS breaking give rise to small spontaneous magnetic fields, which is readily detected by ZF-µSR as an increase in either σ ZF or Λ. For temperatures below and above T c the relaxation rates σ ZF and Λ do not change within the resolution of the instrument (∆σ ZF < 0.002 µs −1 , ∆Λ < 0.002 µs −1 ). This indicates the absence of any spontaneous magnetic fields occurring in the superconducting state, hence, there is no evidence of time-reversal symmetry breaking in PdTe 2 .
The TF-µSR measurements were performed with the different applied magnetic fields up to 225 Oe to map out the full superconducting phase diagram of PdTe 2 . As explained the TF-µSR precession signals were transformed into a probability field distribution using the maximum entropy (MaxEnt) algorithm [47] to follow the evolution of different superconducting states in PdTe 2 . All the TF-µSR data displayed in the present work were taken in the field cooled (FC) mode. As TF-µSR measurements analyze the entire volume of the material, the asymmetry spectra obtained directly depend on the nature of the superconducting state of the sample. For example, the magnetic moment of a muon landing within a type-I superconductor will either be stationary in the superconducting regions or will precess in a field very close to the thermodynamic critical field, H c , in the normal regions. Meanwhile, for a type-II superconductor in the mixed state, the muons will precess with a field component that is lower than the applied field. Therefore, the probability of muon experiencing the internal field is equal to the volume fraction of the sample in the respective states. The Fourier transform of the TF-µSR spectra (MaxEnt transformation) gives the probability distribution of internal field, H int , in both the intermediate state of a type-I superconductor and the mixed state of a type-II superconductor. Oe. At this temperature and field, PdTe 2 is in Meissner state. The TF asymmetry spectrum in Fig. 3 (b) shows large oscillations as expected for muons stopping in the silver holder and only see the applied field, H app , giving a background signal. In the MaxEnt data shown in Fig. 3 (a) this is well represented by peak near B int = 25 G. The absence of any additional peaks (> H app and < H app ) implies that the magnetic field is completely expelled from the body of the superconductor. Reportedly, it should have additional contributions coming from the fraction of muons stopping in the sample. These muons precess with the local field of the sample, which is generally contributed by the nuclear moments of the con- stituent elements and manifested in the MaxEnt data by the peak near low fields (B int 0 G). Surprisingly, we did not observe any additional peak near B int 0 G. This is completely understandable if we consider the nuclear moment values for Pd and Te, which is very small and makes it very difficult to extract the nuclear field contribution from MaxEnt transformation. Nevertheless, the TF-µSR spectra in the Meissner state (T = 0.1 K, H app = 25 Oe) displays an additional nonoscillating component due to random nuclear dipole moments of the Pd/Te atoms which can be fitted using the KT relaxation function. The relaxation rate of this nonoscillating component is equal to the relaxation rate of measurements performed in zero applied field, and so this component may be identified with superconducting regions of the sample. TF-µSR spectra further show a considerable reduction in the initial asymmetry. The loss of initial asymmetry as observed in TF-µSR spectra of PdTe 2 is similar to that observed in type-I superconductors LaRhSi 3 [55] , LaNiSn [56] and the recently published BeAu [43, 44] . The missing asymmetry behavior is due to the detectors in the TF geometry unable to detect the positrons emitted in the muon spin polarization direction when the sample is in the Meissner state [43, 44] . In other words, muons landing in the superconducting regions of the sample in the Meissner state will be stationary and less likely to be detected. At temperature near T c where the sample is in normal state, the initial asymmetry recovers to its full maximum value [see Fig. 3 Oe. In the intermediate state normal and superconducting regions coexist, therefore, the total µSR asymmetry is the fraction of the signal coming from each respective region. The data is analyzed using the following function:
where G KT (t) is Eq. (1), A i is the initial asymmetry, σ i is the Gaussian relaxation rate, φ is the common phase offset, and ω i is the frequency of the muon spin precessional signal of the respective components. We found that the asymmetry spectra can best be described by three oscillating functions (N=3). In these fits, ω 1 = ω 2 and σ 1 = 0 means that there are two components (A 1 and A 2 ) precessing about the applied field, one with a decaying component and one not. Nondecaying component corresponds to the background term arising from those muons stopping in the silver sample holder. A fit to Eq. (2) yields A 2 = 0.0872 and muon precessional frequency of 1.016 MHz and 1.115 MHz in the superconducting state. Total asymmetry from the sample in the normal state of 0.278 means the nonsuperconducting volume fraction is estimated to be 31.3 %. The muon precession frequencies is related to the local field strength by
where γ µ /2π = 135.5 MHz/T is the muon gyromagnetic ratio. This implies internal magnetic fields is 75 G and 83 G. The internal field B int 75 G, which is exactly equal to the applied field gives the background signal, whereas B int 83 G can be taken as an estimate of the critical field, H c , coming from the normal regions in the intermediate state. The presence of an internal field greater than the applied field is strong evidence of type-I superconductivity in the compound. It is worth mentioning that the intermediate state of a type-I superconductor is induced due to non-zero demagnetization effects. Demagnetizing effects cause some regions of the sample experiencing a field greater than the H c , even if the applied magnetic field, H app , is considerably less than the critical field H c . In this situation, the superconductor will have a complicated structure where the normalstate domains coexist with the superconducting domains in space. Muons implanted in these normal regions of the intermediate state will precess at a frequency corresponding to the field equal to H c , whereas the muons landing in the superconducting regions will be stationary and only be affected by the nuclear moments. The muons stopping in the silver holder will precess about the applied magnetic field. In the MaxEnt data shown in Fig. 3 (c Notably, for a type-II superconductor in the mixed state, a field component at a lower value than the applied field is expected due to the establishment of the flux line lattice. The muons will precess at a frequency ω = γ µ B int where B int is an asymmetric distribution, the peak of which falls below H app . This is clearly present at B int = 115 G, indicating type-II superconductivity and strong evidence for the presence of vortices in the superconducting state of PdTe 2 . In previous reports, the formation of the vortex core is seen in the superconducting state of PdTe 2 . However, the formation of FLL region was not clearly resolved [30] . In our measurements, we found the formation of FLL around H app = 75 Oe which continues to appear up to the magnetic field of 200 Oe [see Fig. 6 ]. Meanwhile, a peak near B int = 135 G > H app , demonstrates the intermediate state of type-I superconductivity in PdTe 2 . In addition, fitting the time spectra data [see Fig. 3 (f)] we determined three frequencies 1.55 MHz (115 G), 1.7 MHz (125 G) and 1.83 MHz (135 G), corresponding to magnetic fields due to the formation of the FLL, background applied field, and the intermediate state, respectively. This study provides direct proof for the coexistence of the type-I/type-II superconductivity in this compound. It is argued that the observed admixture of type-I and type-II superconductivity in PdTe 2 arises due to inhomogeneous electron mean free path, l, on the surface of PdTe 2 . The inhomogenous mean free path of the electrons modifies the coherence length ξ, and penetration depth λ, in the superconducting state which subsequently pushes the system to the type-II limit [40, 41] . Interestingly, similar evidence of type-I and type-II superconductivity and their coexistence was observed in ZrB 12 [57] . Another representative spectrum is shown in Fig. 3 (h) at T = 0.05 K and H app = 200 Oe, where an increase in the depolarization rate is observed due to the formation of inhomogeneous field distribution. Fits to the timedependent spectra data reveal two frequencies of 2.71 MHz and 2.62 MHz corresponding to magnetic fields of 200 and 194 Oe, respectively. Again the high-frequency signal is the background signal whereas the other signal with a lower frequency is due to the formation of the FLL in the mixed state. In the maximum entropy data [see Fig. 3 (g) ], a Gaussian distribution of fields due to the FLL is observed below the applied field and this indicates that the sample is in the mixed state of a type-II superconductor. At H app = 200 Oe, the regions with type-I superconductivity become normal, while the type-II superconducting region persists. This indicates that the points where superconductivity is destroyed due to applied magnetic field corresponding to type-I regions, are different from the points where we have type-II superconductivity. Finally, at an applied field of 225 Oe and T = 0.1 K, PdTe 2 returns to the normal state. Here, the field penetrates the bulk of the sample completely, and we see homogeneous field distribution in the TF-µSR time spectra [see Fig. 3 (j) ], corresponding to a single peak at the applied field position in the MaxEnt data [see Fig. 3 (i)]. This suggests that the critical field from the µSR measurements is H c 225 Oe. Intriguingly, the results presented in Ref. [40, 41] show a spatial distribution of critical fields which extend up to 400 Oe-600 Oe. Here, the points on the crystal showing lower critical field are type-I while the points showing high critical fields resemble type-II superconductors. This discrepancy of results could be because the critical fields determined in Ref. [40, 41] is from the surface sensitive techniques where the defects on the surface of the crystal play an essential role. On the contrary, µSR is more closely related to the bulk measurements where muon implants deep inside the sample and measure the internal field distribution. To draw a full superconducting phase diagram of PdTe 2 experimentally, we have investigated the local field distribution, P(B), as a function of temperature. Maximum entropy data was determined in a temperature range between 0.1 K ≤ T ≤ 1.6 K, as shown in Fig. 4. Figure 4 (a) shows the temperature dependence of the internal field distribution at 25 Oe, displaying a change from the Meissner to the intermediate to the normal state with increasing temperature. At T = 0.1 K, a single peak appears in the maximum entropy data, P(B), at B int H app 25 G, reminiscent of the Meissner state. As explained earlier, the peak near B int 0 G is absent due to the negligibly small values for nuclear moments of Pd/Te atoms. As we increase the temperature, the sample remains in the Meissner state until it reaches T = 1.0 K. For temperatures above 1.0 K, the system shifts to the intermediate state. Finally, at T = 1.6 K, the sample enters the nor- With an increase in temperature, the peak position for H c moves closer to H app with a subsequent increase in the magnitude. The observed behavior is due to an increase in the volume of the normal core regions in the intermediate state. On the other hand, the peak due to the mixed state is suppressed in magnitude as more field lines start to penetrate the sample. Eventually, when the transverse applied field is increased to 200 Oe [see Fig. 4 (c) ], the intermediate state due to type-I superconductivity is completely suppressed. While the peak around the applied field broadens and an additional shoulder in the distribution is observed at lower fields indicating type-II superconductivity. This is the field distribution of the FLL in the mixed state, where most of the contribution of P(B) is at fields less than the applied field. This state persists up to T < 0.45 K, above which the sample enters the normal state.
To further investigate the behavior of superconducting phase in PdTe 2 , we plotted the MaxEnt transformation, P(B), as a function of different fields between 25 Oe ≤ H app ≤ 225 Oe. Figure 5 shows the internal field distribution at T = 0. Fig. 5 reveals that as the magnetic field is increased, type-I superconducting features in PdTe 2 grow more distinctly as compared to the mixed state in the type-II superconducting regions. For example, in the magnetic field range between 25 Oe and 125 Oe, the peak due to the intermediate state becomes more pronounced compared to the peak due to the mixed state. However, as the field is increased to H app = 150 Oe, the magnitude of peaks resulting from both the states becomes comparable, suggesting equivalent contributions. For H app > 150 Oe, the peaks due to the intermediate state is suppressed as a result of an increase in normal core regions while the points corresponding to the FLL region disappear gradually as in type-II superconductors. At H app = 200 Oe, the superconductivity in type-I regions is destroyed whereas we can still observe a shoulder at lower fields ( < H app ) due to the mixed state in the system. In the end, at H app = 225 Oe the system goes to the normal state which is apparent from the presence of only one peak in the P(B) graph.
Through systematic temperature and magnetic field dependent µSR experiments, we mapped out the superconducting phase diagram for PdTe 2 . By measuring the peak position of the local field distribution, B int , we find evidence of the Meissner, intermediate, and mixed states in PdTe 2 . The obtained phase diagram is shown in Fig. 6 . The existence of three separate superconducting phases is color-coded in green, blue, and orange regions, respectively. While the mixed state shows the internal field distribution due to the formation of the FLL, carrying the signature of type-II superconductivity, the intermediate state is a characteristic feature of type-I superconductivity. The Meissner state is common to both type-I and type-II superconductors. We also see regions where different states coexist. We ascribe this region as a semi-intermediate state where the mixed state coexists with the intermediate state shown by light green area in the middle. In the H-T phase diagram [see Fig. 6 ], the Meissner state is denoted by the yellow square markers, whereas the intermediate state appears at high temperatures is displayed by blue circles. With an increase in the magnetic field, the semi-intermediate comes into the picture, represented by cyan diamond markers. A further increase in the field leads to a mixed state highlighted by red star markers. These results indicate that PdTe 2 is a marginal superconductor between type-I and type-II phases. Furthermore, the variation of the local field distribution at different magnetic fields and temperature demonstrate that it is possible to drive the system into various superconducting states with the help of external parameters, such as field and temperature.
Prior to this work, the status of the superconducting state of PdTe 2 seemed rather ambiguous. The current work which samples the local field distribution, P(B), decisively demonstrates that the superconducting state of PdTe 2 resides near the critical point between its type-I to type-II phases. Indeed, our µSR measurements illustrate that for a field between 75 Oe and 175 Oe, there exists an overlap of type-I and type-II superconducting phases. We recall that the ratio of coherence length ξ, and penetration depth λ, defines the Ginzburg-Landau parameter, κ = λ ξ . Superconductors with κ < 1/ √ 2 classified as type-I, whereas κ > 1/ √ 2 as type-II. Recently, Tian Le et al. plotted the mean free path, l, in accordance with the Ginzburg-Landau parameter, κ, and demonstrated that a reduced l could cause an enhanced κ [41] . In fact, mean free path of l ≤ 200 nm on some surface regions can cause an enhanced κ (> 1/ √ 2) and thus transform it into a type-II superconductor. It is interesting to note that our µSR measurements reveal that it is possible to shift to different states as a function of temperature and field which reversibly produces both type-I/type-II and admixed state, respectively. It possibly indicates the temperature and field dependence of κ, which is related to the observed phase transition. It is evident that if the κ value of a superconductor is very close to 1/ √ 2 and also dependant on temperature and magnetic field, all of these exotic states may coexist in the same phase diagram, which is shown in Fig. 6 .
III. CONCLUSION
In summary, we have carried out the µSR experiments on the single crytals of PdTe 2 . Zero-field measurements show no evidence for a time-reversal symmetry-breaking field in the superconducting state. Using temperature and field dependent TF-µSR spectra, we have drawn the superconducting phase diagram of PdTe 2 . The local field distribution for different applied fields and temperatures suggests a mixture of type-I and type-II superconductivity with the critical field, H c 225 Oe. The inhomogeneity on the sample crystal surface causes a spatial distribution of critical fields, which in some cases ranges from 220 Oe to 4 T [39] . From a statistical point of view, the critical field is found to be around 250 Oe. This is in close agreement with the critical field measured by the heat capacity, transport measurements and the value estimated from our µSR experiments. It is important to note that the higher critical fields were obtained from the tunneling and spectroscopy measurements, although there is no signature of magnetic vortices in the presence of the magnetic field [39] [40] [41] . In our µSR measurements, however, we can see the signatures of FLL regions in field as small as 75 Oe. We speculate that the lower critical field in µSR measurements is observed due to the bulk nature of measurenet technique. Therefore, in future we would like to extend our studies using low energy muon beams [58] to discriminate between near-surface and bulk superconductivities. It would be of considerable interest if the surface superconductivity were influenced by multi-band effects and appreciably different from that of the bulk.
Note added. Recently, we became aware of Ref. [59] , which reports similar results on PdTe 2 . Interestingly, in Ref. [59] type-I behaviour is predicted by the presence of intermediate state. From our measurements we were able to detect the signatures of both type-I and type-II superconducting behavior.
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